Nitrogen-doped TiO 2 nanoparticles were synthesized via plasma assisted metal organic chemical vapor deposition. Nitrogen dopant concentration was varied from 0 to 1.61 at. %. The effect of nitrogen ion doping on visible light photocatalysis has been investigated. Samples were analyzed by various analytical techniques such as x-ray diffraction, transmission electron microscopy, x-ray photoelectron spectroscopy, and near-edge x-ray absorption fine structure. Titanium tetraisopropoxide was used as the titanium precursor, while rf-plasma-decomposed ammonia was used as the source for nitrogen doping. The N-doped TiO 2 nanoparticles were deposited on stainless steel mesh under a flow of Ar and O 2 gases at 600°C in a tube reactor. The photocatalytic activity of the prepared N-doped TiO 2 samples was tested by the degradation of 2-chlorophenol ͑2-CP͒ in an aqueous solution using a visible lamp equipped with an UV filter. The efficiency of photocatalytic oxidation of 2-CP was measured using high performance liquid chromatography. Results obtained revealed the formation of N-doped TiO 2 samples as TiO 2−x N x , and a corresponding increase in the visible light photocatalytic activity.
I. INTRODUCTION
Among the most promising compounds for photocatalysis applications is titanium dioxide.
1-3 Substitutional doping of nitrogen of TiO 2 has revealed an improvement in visible light photocatalytic activity. 4, 5 TiO 2 is stable in aqueous media and is tolerant of both acidic and alkaline solutions. It is inexpensive, recyclable, reusable, and relatively simple to produce. Furthermore, its redox potential is appropriate to initiate a variety of organic reactions. The large band gap of TiO 2 lies in the UV range, which allows for only 5-8% of sunlight to be useful for the activation of the catalyst. Therefore, a visible light activated catalyst is desired that can take advantage of a larger fraction of the solar spectrum and would be much more effective in environmental cleanup.
Several competing effects inherently limit catalyst efficiency. The positively charged holes and negatively charged electrons tend, by nature, to recombine to yield a neutral state, through emission of photons or phonons. This can occur via volumetric or surface recombination. There are several known ways to increase the efficiency of a photocatalyst. The effects of particle size reduction 6, 7 and cation ͑e.g., Nd, Pd, Pt, Co͒ doping [8] [9] [10] [11] [12] [13] [14] [15] have been extensively researched.
This work is a study of the effect of anion doping with nitrogen ions in order to increase its effectiveness by introducing trapping sites. The trapping of electrons at these sites effectively increases hole lifetime and, therefore, the probability that they will reach the surface without suffering recombination to participate in the desired photocatalysis reaction. Nanostructured ͑ϳ20-30 nm͒ particles provide the optimal balance between volumetric and surface recombinations and are thus best suited for photocatalysis. Many techniques have been used to produce doped and undoped nanostructured TiO 2−x N x films, such as sputtering, 4 sol gel, 16 pulsed laser deposition, 17 etc. In this work we describe the preparation of TiO 2 nanoparticles by plasma assisted metal organic chemical vapor deposition ͑PA-MOCVD͒. PA-MOCVD is particularly useful for N doping since the plasma facilitates the dissociation of the N precursors and increases the N incorporation probability in TiO 2 .
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II. EXPERIMENT
The doped titania nanoparticles containing 0 -1.61 at. % N were synthesized from titanium tetraisopropoxide ͑TTIP͒: Ti͑OC 3 H 7 ͒ 4 ͑Sigma-Aldrich 97%͒, and anhydrous ammonia: NH 3 ͑Keen Gas͒. The dopant concentration was controlled by regulating the ammonia flow rate ͓0 -50 SCCM ͑SCCM denotes cubic centimeter at STP͔͒ using a mass flow controller. A 100 W inductively coupled remote rf plasma was used to ionize the NH 3 prior to the reaction. The reaction was performed in a hot wall stainless steel tube CVD system in which the temperature of the reactor was maintained at 600°C. A mechanical pump was used to pump the reaction chamber down to a few millitorr base pressure. Residual N 2 was found to have no effect on the doping levels as initial experiments done with molecular N 2 and NO were unsuccessful in doping TiO 2 with N. The liquid TTIP was placed in a heated round bottom flask; 99.999% pure Ar ͑Keen Gas͒ was used as the carrier gas by bubbling it through the TTIP. The precursor flow rate was adjusted by changing the flow rate of the Ar through the bubbling chamber. O 2 was added to the Ar/TTIP mixture in the reactor chamber for the TiO 2 formation. The N-doped TiO 2 nanoparticles were collected on several layers of 400 mesh stainless steel screens or on a quartz tube substrate under a constant flow of Ar/TTIP and O 2 ͑35 SCCM͒ at a total pressure of 4.5 torr. Multiple layering was necessary in order to collect the particles efficiently. A schematic drawing of the PA-MOCVD system can be seen in Fig. 1 .
X-ray diffraction ͑XRD͒ patterns were obtained from the N-doped samples using a Rigaku D-Max B diffractometer equipped with a graphite crystal monochromator operating with a Cu anode and a sealed x-ray tube. The 2 scans were recorded at several resolutions using Cu K ␣ radiation of wavelength of 1.5405 Å from 20°to 80°with a step size of 0.05°. The recorded patterns were analyzed using JADE® software to determine peak positions and average particle sizes by use of Scherer's formula:
where is the x-ray wavelength, ␤ is the peak width in radians, and is the Bragg angle. Since peak width used in Scherer's formula also includes the line broadening due to strain in the particles, measurements of particle size and size distribution were also carried out by transmission electron microscopy ͑TEM͒. Bright field micrographs were taken with a JEOL JEM-2010FX microscope operating at 200 kV accelerating voltage. TEM samples were prepared by using dilute suspensions of the nanopowder samples. These solutions were obtained by sonicating particles in acetone for 10 min then dropping the suspension of the sample powders onto a 300 mesh carbon grid and letting it air dry for several hours.
The dopant concentration was determined by x-ray photoelectron spectroscopy ͑XPS͒ analyses. An SSI-M probe XPS was used employing Al K ␣ ͑h = 1486.6 eV͒ exciting radiation. Peak positions were internally referenced to the C 1s peak at 284.5 eV. In addition to the survey scans, high resolution scans in the Ti 2p, N 1s, O 1s, and C 1s regions were also recorded. The N 1s region of the survey scans was used to determine the nitrogen dopant concentration of the nanoparticles. The photoelectron peak shifts were used to study reactions between Ti, O, and N.
Photodegradation of 2-chlorophenol ͑CP͒ ͑C 6 H 5 ClO, Sigma-Aldrich, purity ജ99%͒ solutions under visible light irradiation was carried out with both undoped TiO 2 and the prepared N-doped TiO 2 nanoparticles. A 1 l 10 ppm 2-CP solution was adjusted to a pH of 9.0 using sodium hydroxide ͑NaOH͒. 20 mg of the nanoparticles were then added and the solution was stirred in the dark for 30 min. After 30 min, air was bubbled into the solution and a 100 W visible light lamp, equipped with a 390 nm cut-off UV filter, was turned on. The filter absorbed all of the light with a wavelength of less than 390 nm, ensuring that only visible light was available for catalyst activation. After the light was turned on samples were removed from the solution at regular intervals and the concentration of the remaining 2-CP was determined by high performance liquid chromatography ͑HPLC͒ using an injection volume of 10 l, system flow rate of 1.5 ml/ min, system pressure of 170 bars, and diode array detector ͑DAD͒ wavelength of 210 nm with bandwidth of 10 nm. The carrier solution consisted of 60% of phosphate buffer ͑pH=3͒ and 40% acetonitrile. A HP Superco C18 column was used.
Near-edge x-ray absorption fine structure ͑NEXAFS͒ measurements were performed at the U1A beam line at the National Synchrotron Light Source ͑NSLS͒ at Brookhaven National Laboratory. Details about the setup can be found in previous publications. 18, 19 Electron yield intensities were measured with a channeltron multiplier with a front-end bias of −100 V to reduce signals from secondary electrons. The NEXAFS spectra were measured as a function of the incident x-ray photon energy for the oxygen k-edge region ͑520-508 eV͒, with an energy resolution of approximately 0.8 eV. Figure 2 shows the XRD patterns obtained for N-doped TiO 2 nanoparticles synthesized by the PA-MOCVD method. Results showed that the as-prepared particles were comprised of mostly anatase TiO 2 with a very small rutile ͑110͒ peak and no separate dopant related phases ͑i.e., TiN, TiON͒ present. The anatase peaks are indexed as ͑101͒, ͑004͒, ͑200͒, ͑105͒, ͑211͒, ͑204͒, ͑116͒, ͑220͒, and ͑215͒ in the order of increasing diffraction angles, indicating a body centered tetragonal crystalline structure of TiO 2 crystal. The anatase form of TiO 2 is believed to be more efficient than the rutile form in the photocatalytic removal of organic pollutants. 20, 21 The average particle size and distribution were determined from the TEM micrographs shown in Figs. 3͑a͒ and 3͑b͒. The particle size histogram was fitted with a Gaussian distribution and an average particle size of 14.9± 5.7 nm was obtained. The recorded XRD patterns were analyzed with JADE® software to verify the average particle size by use of Scherer's formula ͓Eq. ͑1͔͒. The results determined from XRD calculations were in good agreement with the TEM results. The average crystallite size was found to be 22.6, 18.1, and 23.3 nm for the 0.68, 1.19, and 1.61 at. % N-doped samples, respectively, and 17.8 nm for a pure undoped sample, prepared by the same method. It has been shown in a previous work 6 that the total system pressure determines the particle size of the sample. Since the total pressure was kept constant at 4.5 torr the nonvariance in the particle size was in accordance with the previously reported results.
III. RESULTS AND DISCUSSION
The dopant concentrations of the N-doped titania samples were determined by XPS. Figure 4 shows the XPS survey spectrum of N-doped TiO 2 nanoparticles prepared using 50 SCCM flow rate of NH 3 . Only peaks associated with Ti ͑3p ,2p ,2s͒, O ͑1s, Auger͒, and N ͑1s͒ were observed. Approximate N concentration was determined from the N 1s peak areas from the survey scans. The dopant concentration was determined to be 1.61, 1.19, and 0.68 at. % N using NH 3 flow rates of 50, 40, and 30 SCCM, respectively. Figures 5͑a͒ and 5͑b͒ show high resolution XPS spectra of the N 1s and Ti 2p regions of the TiO 2 sample doped with 1.61 at. % N. The N 1s peak for substituted nitrides ͑e.g., TiN͒ is usually a sharp peak centered at 397 eV; however, Chen et al. 22 have shown that the N 1s peak for N-doped TiO 2 ͑TiO 2−x N x ͒ is a broad peak extending from 397.4 to 403.7 eV and centered at 401.3 eV. As is evident from Fig. 5 , the position of the N 1s peak corresponds to the reported value in the literature for TiO 2−x N x ; therefore the N is most likely present in the substitutional form in TiO 2 . The Ti 2p region shows two peaks located at 458.13 and 463.74 eV, respectively. The Ti 2p 3/2 and Ti 2p 1/2 peaks show a slight shift in their positions from those reported for tetravalent Ti +4 for undoped TiO 2 as reported by Nefedov et al. 23 ͑458.5 and 464.2, respectively͒. This shift in the binding energy is due to the presence of Ti-N bonds formed from N dopant substitution. The reported values of Ti from TiN are 454.9 and 460.64 eV. 24 The separation between the Ti 2p 3/2 and Ti 2p 1/2 peaks is consistent with the formation of TiO 2 .
23 Figure 6 compares the electron yield NEXAFS measurements for the oxygen k-edge features of TiO 2 nanoparticles with and without N dopant. In undoped TiO 2 , two relatively sharp O k-edge features are observed at 532.5 and 534.25 eV, which are due to the dipole transition of O 1s electrons to the t 2g and e g states, respectively. 19 The energy separation between the two states is related to the band gap in TiO 2 . 19 In comparison, the O k-edge features in N-doped TiO 2 are significantly different, with new features appearing at 530.75, 532, and 534 eV. This observation is consistent with the argument that N doping significantly modifies the band gap states of the TiO 2 nanoparticles.
The results of the photodegradation of 2-CP under visible light illumination are plotted in Fig. 7 . The undoped TiO 2 sample shows no visible light photodegradation of the 2-CP.
There is a small, 5%, reduction in the concentration of the 2-CP after 3 h which is presumably due to evaporation. This has been verified when the system is operated with no light source; the removal rate was the same. However, the photocatalytic activity of the N-doped TiO 2 nanoparticles increased greatly as the nitrogen concentration was increased in the TiO 2 . For the N-doped samples prepared with NH 3 flow rates higher than 30 SCCM, significant 2-CP removal rates are observed. When particles with 0.68 at. % N were tested, 50% of the 2-CP was removed after 6 h of light exposure. At 1.19 at. % N, 80% of the 2-CP was oxidized in 5 h and at the highest doping level, 1.61 at. % N, 80% removal was achieved in 2 h. The photoactivity of 1.61 at. % N-doped TiO 2 is similar to the photoactivity of pure TiO 2 under UV illumination. 14 The rate of the reaction was calculated by plotting ln͓2-CP͔ / ͓2-CP͔ 0 as a function of time, as shown in Fig. 8 . The plot gave straight lines, which confirmed that the degradation process is a first order reaction. The observed rate constants were calculated to be 0.01, 0.0047, and 0.0013 min 0.68 at. %, respectively. The quantum efficiency of the reaction was determined using a photon flux of 2.01ϫ 10
einstein/s for the visible lamp. The efficiency was determined after 4 h ͑14 400 s͒ of illumination and was calculated to be 4.90ϫ 10 −4 , 3.66ϫ 10 −4 , 1.52ϫ 10 −4 , and 3.38 ϫ 10 −5 moles/einstein, respectively, for 1.61, 1.19, 0.68, and 0.0 at. % N concentrations.
IV. CONCLUSIONS
Nitrogen-doped titania nanoparticles in the form of TiO 2−x N x , with a particle size of 14.9± 5.7 nm, were prepared by plasma assisted metal organic chemical vapor deposition using ionized ammonia gas as the source for nitrogen doping. The particles were found to predominately be in the form of anatase phase with no separate dopant related phases. XPS analysis showed N-doping concentrations of 0 -1.61 at. % NEXAFS results revealed that N doping resulted in changes in the band gap states. The N-doped TiO 2 showed increased visible light photocatalytic activity when compared with undoped titania. At the highest doping level, 1.61 at. %, the visible light photocatalytic activity was comparable to the UV photocatalytic activity of pure TiO 2 nanoparticles of similar size.
